Microdomains in the plasma membrane (PM) have been proposed to be involved in many important cellular events in plant cells. To understand the role of PM microdomains in plant cold acclimation, we isolated the microdomains as detergent-resistant plasma membrane fractions (DRMs) from Arabidopsis seedlings and compared lipid and protein compositions before and after cold acclimation. The DRM was enriched in sterols and glucocerebrosides, and the proportion of free sterols in the DRM increased after cold acclimation. The protein-to-lipid ratio in the DRM was greater than that in the total PM fraction. The protein amount recovered in DRMs decreased gradually during cold acclimation. Cold acclimation further resulted in quantitative changes in DRM protein profi les. Subsequent mass spectrometry and Western blot analyses revealed that P-type H + -ATPases, aquaporins and endocytosis-related proteins increased and, conversely, tubulins, actins and V-type H + -ATPase subunits decreased in DRMs during cold acclimation. Functional categorization of cold-responsive proteins in DRMs suggests that plant PM microdomains function as platforms of membrane transport, membrane traffi cking and cytoskeleton interaction. These comprehensive changes in microdomains may be associated with cold acclimation of Arabidopsis .
Introduction
Many plants increase tolerance to freezing stress when exposed to a non-freezing, low temperature for a certain period ( Levitt 1980 ), a process known as cold acclimation. Cold acclimation results in physiological, morphological and molecular biological changes in plant cells ( Guy 1990 , Sharma et al. 2005 . In many cases, upon freezing, ice formation occurs extracellularly and plant cells must keep ice out of the cytoplasm. Because the plasma membrane (PM) plays a central role in water transport into the cell and functions as a barrier to separate the cytoplasm from the extracellular region, it is generally thought that stabilization of the PM is a prerequisite for survival under freezing stress ( Webb et al. 1994 ).
During cold acclimation, freezing tolerance of Arabidopsis thaliana is rapidly enhanced ( Gilmour and Thomashow 1991 ) , and this increase is associated with dynamic changes in protein and lipid compositions in the PM ( Uemura et al. 1995 , Kawamura and Uemura 2003 ) . In addition, it has been reported that phospholipase D (PLD) associated with the PM increased during cold acclimation and, in fact, PLD δ -null mutants had less freezing tolerance than the wild type ( Li et al. 2004 ) . In contrast, freezing tolerance of antisense plant lines of PLD α 1 increased ( Welti et al. 2002 ) , suggesting that PLD δ and PLD α signaling is mediated by different pathways. Cold acclimation resulted in rigidifi cation of the PM, leading to depolymerziation of the cytoskeleton or activation of Ca 2+ channels associated with the PM ( Mazars et al. 1997 , Orvar et al. 2000 , Sangwan et al. 2001 .
Cold acclimation results in a decrease in the proportion of a sphingolipid, glucocerebroside (GlcCer), in the PM of several plant species Steponkus 1987 , Uemura et al. 1995 ) . The effects of decreased GlcCer on freezing tolerance have been explained by temperature-dependent lipid physical properties. Exposure to low temperature results in a decrease in the PM fl uidity and sometimes induces membrane lipid phase separation into crystalline and gel phases. Because GlcCer, a high melting-temperature lipid ( Cahoon and Lynch 1991 ) , tends to decrease membrane fl uidity, the cold-induced decrease of GlcCer in the PM may increase membrane fl uidity and affect survival at low temperatures ( Steponkus et al. 1993 ) .
A new concept for the role of sphingolipids in the PM, 'membrane microdomains' (also known as 'membrane/lipid rafts' in some cases), has been proposed in animals and microorganisms. The membrane microdomain concept assumes that membrane lipids and proteins move unevenly and are distributed non-uniformly in the membrane ( Kusumi et al. 2005 , Lillemeier et al. 2006 ). This uneven distribution of membrane components is considered to be dependent on sphingolipids and sterols. Sphingolipids have the feature of easily self-associating in the PM through long saturated acyl chains ( Thompson and Tillack 1985 ) . Hence, sphingolipids tend to exist as microdomains in association with sterols and are localized differently from other lipids in the PM ( Simons and Ikonen 1997 ). This microdomain model has been supported by analysis of visualization of membrane components on cell surfaces ( Simons and Toomre 2000 ) .
Because sphingolipids and sterols are more resistant than phospholipids (PLs) to detergent extraction ( Schroeder et al. 1994 ) , sphingolipid-and sterol-enriched microdomains are obtained as detergent-resistant membrane fractions (DRMs) from isolated PM preparations. In animal cells, the DRM contains specifi c proteins, such as receptor proteins, kinases, G-proteins and syntaxins, suggesting association with signal transduction, membrane traffi cking or pathogen infection London 1998 , Rajendran and Simons 2005 ) .
The stomatin/prohibitin/fl otillin/HlfK/C (SPFH) protein family is also associated with membrane/lipid rafts ( Salzer and Prohaska 2001 , Langhorst et al. 2005 ) . The protein family acts as scaffolding proteins that recruit signaling proteins into the membrane/lipid rafts ( Nadimpalli et al. 2000 , Langhorst et al. 2005 . Using single particle tracking and fl uorescence resonance energy transfer techniques, the microdomains on the PM have been estimated to be Ĕ200 nm in diameter, but, interestingly, the size dynamically changes during signaling ( Anderson and Jacobson 2002 ) .
Recently, plant DRMs were isolated and their protein and lipid compositions were analyzed. The proportions of both sphingolipids and sterols are greater in the DRM than in the total PM ( Berczi and Horvath 2003 , Mongrand et al. 2004 , Borner et al. 2005 , Laloi et al. 2007 , Lefebvre et al. 2007 ). Proteomic analysis suggested that plant DRMs are involved in signal transduction, membrane traffi cking and cell wall metabolism occurring on the PM ( Peskan et al. 2000 , Mongrand et al. 2004 , Shahollari et al. 2004 , Borner et al. 2005 , Morel et al. 2006 , Laloi et al. 2007 , Lefebvre et al. 2007 ). These results are consistent with those in DRMs of animal and microorganism cells. Furthermore, showed that two PM proteins, MLO and ROR2 (a syntaxin), accumulated at sterol-enriched pathogen entry sites in barley epidermal cells, suggesting that DRMs work as a platform for pathogen entry into a host plant cell. In addition, some proteins in DRMs have been proposed to function in endocytosis ( Bloch et al. 2005 , Yalovsky et al. 2008 ) and fungus-mediated growth promotion ( Shahollari et al. 2007 ) . Nevertheless, the function of microdomains in the plant PM in abiotic stress responses has yet to be determined.
Because GlcCer and free sterols (FS) are likely to be involved in the formation of membrane microdomains and the proportion of these lipids alters in the PM during cold acclimation in plants, we hypothesized that GlcCer and FS not only affect membrane fl uidity but also assemble into local domains in the PM during cold acclimation. Further, there may be a difference in changes in protein compositions in the DRM and the total PM. As a fi rst step to examine our hypothesis, we investigated changes in lipid and protein compositions in DRMs before and after cold acclimation of Arabidopsis seedlings. We carried out quantitative lipid analysis by thin-layer chromatography (TLC) and determined the change in DRM lipid composition during cold acclimation. For identifi cation of cold responsiveness in DRM proteins, we employed the fl uorescence two-dimentional difference gel electrophoresis (2D-DIGE) technique, which is one of the powerful approaches for quantitative proteome analysis of plant DRMs ( Borner et al. 2005 ) . With our results, we further discuss a possibility of microdomain involvement in plant cold acclimation. Fig. 1 Lipid compositions of the PM and DRM before and after cold acclimation. White bars, non-acclimated (NA); shaded bars, cold acclimated for 7 d (CA7). Lipid distribution was expressed as the ratio of mol% (of total lipids) of each lipid in the DRM to that in the total PM. FS, free sterols; ASG, acylated sterylglucosides; SG, sterylglucosides; GlcCer, glucocerebrosides; PL, phospholipids. NA ( n = 3) CA7 ( n = 3) NA ( n = 5) CA7 ( n = 6) Sterols 31.8 ± 1.2 (514 ± 56) 33.4 ± 2.0 (627 ± 74) 52.0 ± 4.3 (704 ± 99) 57.8 ± 3.8 (856 ± 48*) FS 27.0 ± 0.5 (435 ± 37) 29.2 ± 2.1 (549 ± 69) 30.4 ± 3.2 (411 ± 52) 34.2 ± 3.8 (505 ± 35*) ASG 1.9 ± 0.6 (30 ± 9) 1.6 ± 0.4 (29 ± 7) 9.3 ± 1.9 (128 ± 38) 11.3 ± 1.8 (168 ± 24) SG 3.0 ± 0.7 (48 ± 16) 2.6 ± 1.0 (50 ± 19) 12.3 ± 1.4 (165 ± 21) 12.3 ± 0.3 (184 ± 22) GlcCer 4.4 ± 1.2 (70 ± 16) 2.6 ± 1.1 (47 ± 18) 11.5 ± 7.0 (158 ± 102) 9.9 ± 3.6 (151 ± 64) PL 63.8 ± 0.7 (1,027 ± 68) 64.1 ± 1.4 (1,199 ± 46*) 36.6 ± 3.0 (494 ± 61) 32.3 ± 2.9 (482 ± 73) Total 100 (1,612 ± 111) 100 (1,874 ± 107) 100 (1,356 ± 162) 100 (1,489 ± 151) with the period of cold acclimation: 7.3 ± 2.0, 6.8 ± 2.5 and 5.7 ± 2.6% after cold acclimation for 2, 4 and 7 d, respectively. The recovery after cold acclimation for 7 d was statistically and signifi cantly less than that of non-acclimation ( P < 0.05). Fig. 3 shows SDS-PAGE profi les of PM and DRM proteins prepared from non-acclimated and 4 d cold-acclimated plants. There were distinct differences in PM and DRM protein profi les, and the number of protein bands of DRMs seemed to be less than that of PM fractions, suggesting enrichment of specifi c proteins in the DRM. Furthermore, cold acclimation caused changes in many proteins in both DRMs and PM fractions. With 15 bands from gels, we successfully identifi ed 80 different proteins as DRM proteins using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) and matrix-assisted laser desorption/ionization time-of-fl ight mass spectrometry (MALDI-TOF/MS) ( Table 2 ). Among the identifi ed DRM proteins were 28 membrane transportrelated proteins, including P-type H + -ATPases (P-ATPase) (10), aquaporins (10) and V-type H + -ATPase (V-ATPase) subunits (fi ve), 12 cytoskeleton-related proteins, including tubulins (11) and actins (two), and 10 vesicle traffi cking-related proteins, including homologs of clathrins (three), dynamins (two) and synaptotagmins (two). In addition, there were protein kinases, microdomain-associated proteins and cell wall-and metabolism-related proteins in DRMs, which is consistent with the results in previous reports , Morel et al. 2006 , Lefebvre et al. 2007 ). Furthermore, putative peripheral (with no putative transmembrane domains) and lipid-modifi ed (proteins with a glycosylpho-sphatidylinositol anchor or a putative myristoylation site) proteins accounted for 51% (41 proteins) of the total identifi ed DRM proteins.
SDS-PAGE profi les of DRM proteins before and after cold acclimation

2D-DIGE profi ling of DRM proteins during cold acclimation
To analyze further peripheral or integral membrane proteins with one or two transmembrane domains ( Bunai and Yamane 2005 ) , we carried out 2D-DIGE of DRM proteins. 2D-DIGE is a technique for easy comparison of different samples separated on the same gel using three different fl uorescent dyes (see Materials and Methods; Marouga et al. 2005 ) . g Category, predicted function of proteins were categorized into (1) membrane transport, (2) vesicle traffi cking, (3) cytoskeleton, (4) microdomain-associated proteins, (5) plasma membrane and cell wall reconstruction, (6) signal transduction, and (7) others.
Fig . 4A and B shows examples of 2D-DIGE patterns of DRM proteins isolated from non-acclimated (NA, Cy3-labeled) and 4 d cold-acclimated (CA4, Cy5-labeled) plants, respectively. When the two images taken from the same gel were overlaid ( Fig. 4C ), there were many green spots and red spots that indicate that proteins increased and decreased during cold acclimation, respectively. Spots with yellow color indicate that the extent of change during cold acclimation was relatively small. In general, DRM proteins with acidic pIs seemed to decrease after cold acclimation, whereas proteins with basic pIs increased. is plotted against that of the CA4 sample ( y -axis). Two parallel lines in the panel indicate a 2-fold increase (blue) or 0.5-fold decrease (red) in expression ratios after cold acclimation for 4 d. Spot numbers on the gel (A and B) correspond to those in Table 4 . Changes in DRM proteins during cold acclimation were quantitatively analyzed by the fl uorescence intensity of each protein spot in two samples prepared at different times of cold acclimation ( Fig. 4D and Table 3 ). A total of 165 protein spots was detected and matched on all 2D-DIGE gel images analyzed. When a cut-off of >2 or <0.5 in the fl uorescence ratio of the spot between the two samples was applied, we found, for example, that there were 31 increased proteins and 29 decreased proteins during the fi rst 2 d of cold acclimation (NA vs. CA2). Although the number of proteins responding to cold acclimation fl uctuated somewhat in each comparison, many proteins in DRMs (20 to 40%) changed quantitatively during cold acclimation.
Next, we selected 36 protein spots from 2D-PAGE gels ( Fig. 4A, B ) and performed LC-MS/MS and/or MALDI-TOF/ MS analyses for protein identifi cation ( Table 4 ). As predicted, we identifi ed many peripheral membrane proteins in DRMs. Spot 6 matched Hsc70s [Hsc70.1 (P22953), Hsc70.2 (P22954) and Hsc70.3 (O65719)] in the MS-Fit database. The three Hsc70s have high amino acid similarity to each other (> 92%). Likewise, spot 19 matched TUA2 and TUA6, and spot 22 matched ACT8 and ACT2. For some DRM proteins, molecular weights determined on the gels were inconsistent with the predicted molecular weights: e.g. patellin-1 (#1) was detected with an apparent molecular mass of 97.1 kDa on a 2D-PAGE gel, while the predicted molecular mass is 64 kDa; and SKU5 (#5) with a predicted mass of 65.6 kDa was detected on an SDS-PAGE gel at 80.1 kDa. This is probably due to the existence of an acidic N-terminal domain in the protein, which causes unpredictable mobility on the gel ( Peterman et al. 2004 ), or post-translational modifi cation ( Sedbrook et al. 2002 ) . A spot of a basic protein that appeared at 42.6 kDa (#21) was identifi ed as aquaporin, which may be a dimeric form based on information on its molecular weight.
Changes of the 36 identifi ed proteins during cold acclimation were next analyzed statistically with Student's t -test and were categorized into three groups ( Fig. 5 and Supplementary Table S1 ): increased (>2-fold change), decreased (<0.5-fold change) and unchanged proteins (between 0.5-and 2-fold change). Three protein spots (#2, 3 and 21) could not be quantitatively determined because these high molecular weight or transmembrane proteins were not separated well on the 2D gels. We found that dynamin family proteins, DRP2A and DRP2B (#4), DRP1E (#8) and DRP1A (#9 and 10), and remorin family proteins (#35 and 36) accumulated in DRMs during the fi rst 2 d of cold acclimation ( Fig. 5A ).
In addition, proteins #24 and #25, neither of which could be identifi ed, transiently increased >5-fold during cold acclimation. On the other hand, some of the V-ATPase peripheral V1 subunits, such as A (#7), B1 (#14), C (#23) and E (#34), rapidly decreased in DRMs during cold acclimation for 2 d ( Fig. 5B ). TUA and TUB (#16-19) and ACT2 and ACT8 (#22) decreased during cold acclimation. Patellin (#1) transiently decreased after 4 d of cold acclimation, but returned to the level in the non-acclimated sample thereafter. SKU5 (#5), Hsc70 (#6), PIRL4 (#11), TGG (#12 and 13), a nodulin-like protein (#15), eEF-1A (#20), an endomembraneassociated protein (#26), two remorin family proteins (#27-29) and three band 7 family proteins (#30-33) were not changed during cold acclimation for 7 d ( Fig. 5C ).
Collectively, there were considerable changes in DRM proteins during the fi rst 2 d of cold acclimation.
Western blot analysis of cold-responsive DRM proteins
Cold responses of DRM proteins were further confi rmed using Western blot analysis with specifi c antibodies ( Fig. 6 ). All proteins examined except for a cold-induced lipocalinlike protein (AtLCN; Kawamura and Uemura, 2003 ) were found in greater proportions in the DRM than in the PM. Clathrin heavy chain (CHC), a synaptotagmin homolog (SYT1) and aquaporin increased in DRM after cold acclimation, consistent with the results of SDS-PAGE in Fig. 3 . P-ATPase temporarily increased after cold acclimation for 4 d. TUB decreased in DRMs during cold acclimation for 4 d and increased thereafter. Subunit E1 as well as subunit c (the same as spot #23 in 
Discussion
Cold acclimation effects on DRM compositions
Arabidopsis DRMs were recovered at 35-45% (w/w) sucrose concentrations after centrifugation. In animal cells, the DRM is typically collected at very low densities [i.e. 5/30% (w/v) of sucrose after centrifugation] Rose 1992 , Lisanti et al. 1994 ). However, plant DRMs have been reported to be collected at relatively high densities ( Mongrand et al. 2004 , Borner et al. 2005 . There are considerable differences in the lipid-to-protein ratio of DRMs in animal and plant cells. The amount of total major lipids in DRMs of synaptic cells was >7 nmol µ g -1 protein ( Matsuura et al. 2007 ), while Arabidopsis DRM contained about 1.4 nmol µ g -1 protein ( Table 1 ). In the neutrophil PM, DRM fractions with higher densities were reported with many membrane skeleton proteins ( Nebl et al. 2002 ) . Thus, the lipid-to-protein ratio and the differences in lipid-protein association may affect the DRM density after centrifugation. Cold acclimation resulted in various changes in DRM lipid composition ( Table 1 and Fig. 1 ), which may affect the number and size of microdomains. During cold acclimation, the amount of FS per protein increased and the DRM-to-PM ratios of ASG and SG became much greater. By using model membranes, plant sterols are able to promote lipid domain formation ( Xu et al. 2001 ) and contribute temperature ( Beck et al. 2007 ), suggesting that sterol lipids are deeply involved in the formation of membrane microdomains in plant cells during cold acclimation. GlcCer was enriched in DRMs, and its proportion did not alter much in DRMs after cold acclimation but decreased in the PM ( Table 1 and Fig. 1 ). Since GlcCer easily induces phase transition and forms domains ( Norberg et al. 1996 , Webb et al. 1997 , changes in the distributional patterns of this lipid in the PM may affect membrane properties and microdomain formation. In addition, although there were only slight changes in the proportion of PLs in DRMs after cold acclimation, it is possible that changes in PLs in the PM affect microdomain formation. It has been reported that PLs in DRMs have more saturated fatty acids than do those in the PM ( Mongrand et al. 2004 ) , and addition of polyunsaturated fatty acid results in alterations in the size and distribution of microdomains ( Chapkin et al. 2008 ) . Furthermore, the composition of unsaturated fatty acids in the membrane/ lipid raft was affected by growth temperature ( Zehmer and Hazel 2005 ) . Thus, it is possible that complex lipid changes in DRMs at the class and/or molecular species levels after cold acclimation collectively affect DRM formation and properties, which may result in a decrease in protein recovery in DRMs during cold acclimation ( Fig. 2 ) . SDS-PAGE revealed clear differences in protein compositions in the total PM fractions and DRMs ( Fig. 3 ) . The number of proteins on the gel was clearly smaller in DRMs than in the PM fraction, and predominant proteins in DRMs were different from those in the total PM fraction. We previously identifi ed cold-responsive proteins in the total PM fractions ( Kawamura and Uemura 2003 ) . Among a few hundred spots separated by 2D-PAGE, only 42 PM proteins were visibly altered during cold acclimation. On the other hand, in the present study, we revealed that many DRM proteins (20 to 40%) responded to cold ( Fig. 4D and Table 3 ). These results indicated that the DRM contains a much greater proportion of cold-responsive proteins than does the total PM, suggesting active roles of the DRM in the cold acclimation process of plants.
It should be noted here that the 2D-PAGE-based analysis allowed us primarily to separate peripheral membrane proteins, including lipid-modifi ed proteins, in DRMs and, hence, it may not be a suitable protocol for analysis of integral proteins. However, this protocol has been accepted for plant membrane proteome analysis. An Arabidopsis PM proteome analysis using nano-LC-MS/MS revealed that integral membrane proteins account for only 30% of the PM proteins ( Alexandersson et al. 2004 ).
Proteomic analysis of DRM proteins and cold acclimation
In the present study, we identifi ed 96 different proteins in the DRM using MS after separation by SDS-PAGE and 2D-PAGE, and classifi ed them into categories, including Table S2 ). Furthermore, cold-responsive DRM proteins were found in the fi ve categories: membrane transport, vesicle traffi cking, cytoskeleton, microdomain-associated proteins and others (Supplementary Table S1 ). This is the fi rst report showing that there is a dynamic change in the composition of DRM proteins in plant PM during cold acclimation. H + -ATPases and aquaporins, which are associated with membrane transport activity, increased in the DRM during cold acclimation ( Fig. 6 ). H + -ATPases function in ATPdependent electrogenic proton movement across membranes and regulate cytoplasmic pH and membrane potential. P-ATPase activity is reported to increase in Jerusalem artichoke during cold acclimation ( Ishikawa and Yoshida 1985 ) . Yeast P-ATPase (Pma1p) is localized in DRMs, and the oligomerization of Pma1p occurs in membrane/lipid rafts ( Bagnat et al. 2001 , Lee et al. 2002 . Thus, our fi nding suggests that cold treatment promotes the localization of P-ATPases into microdomains in the PM and may regulate P-ATPase activity during cold acclimation. Aquaporins have a key function in water transport across membranes ( Preston et al. 1992 ) . Cold treatment results in signifi cant decreases in water uptake in the root system of freezing-tolerant plants ( Fennell and Markhart 1998 ) . Furthermore, at freezing temperatures, plant cells are severely dehydrated due to ice crystal growth in the extracellular region. Under these conditions, the water transport activity across the PM is an important factor for control of the amount of water in the cell ( Levitt 1980 ) . Overexpression of aquaporins in yeast increases osmotic water permeability at low temperatures ( Soveral et al. 2006 ) and eventually increases freezing tolerance ( Tanghe et al. 2002 ) . Thus, it is possible that an increase in the proportion of aquaporins in plant DRMs improves osmotic water permeability of the PM at low and freezing temperatures and, hence, increases cell survival.
V-ATPase subunits were found in DRMs, and some of them decreased rapidly after cold acclimation for 1-2 d ( Table 4 and Figs. 5 , 6 ). Plant V-ATPases composed of a peripheral V1 domain and a transmembrane V0 domain ( Dietz et al. 2001 ) are not only localized in the tonoplast (vacuolar membrane) but are also present in the PM and other endomembranes ( Depta et al. 1991 , Robinson et al. 1996 , Kluge et al. 2004 ). V-ATPase activity is related to salt tolerance ( Batelli et al. 2007 ) and is essential for the endocytotic membrane traffi cking system through endosomal pH regulation ( Stevens and Forgac 1997 , Dettmer et al. 2006 ). Thus, it is possible that the V-ATPase in DRMs contributes to cold or freezing tolerance of Arabidopsis by way of regulation of membrane traffi cking.
In addition, clathrin heavy chains and several dynamins, which are associated with the membrane vesicle traffi cking system, were among cold-increased proteins in DRMs ( Table 4 and Figs. 5 , 6 ). Clathrin-mediated endocytosis is a system for removing extracellular substances and PM-localized receptors from the PM of mammalian cells ( Roth 2006 ) . Dynamins have been implicated in clathrin-coated vesicle budding from the PM ( Battey et al. 1999 , Hinshaw 2000 . In Arabidopsis , dynamins have been reported to be involved in disease resistance, mitochondrial division, cell plate formation and fi ssion of clathrin-coated vesicles in endocytosis ( Hong et al. 2003 , Tang et al. 2006 . In particular, the DRP1 family is associated with the PM ( Lam et al. 2002 , Kang et al. 2003 , Konopka et al. 2008 , suggesting that these dynamins might function in the process of endocytosis in the plant PM. In addition, endocytosis that is visualized by staining with fl uorescent dyes is strongly inhibited by cold treatment . Taken together, our results suggest that accumulation of clathrin and dynamins in PM microdomains during cold acclimation may imply a delay of the clathrindependent endocytosis pathway in Arabidopsis .
It should be noted that because cold acclimation results in functional and compositional reconstitution of the PM ( Steponkus et al. 1993 ) and some cold-responsive PM proteins are in fact regulated at the level of transcription at low temperatures , our unpublished results), the exocytosis pathway must be active to transport lipid and protein components from the endoplasmic reticulum to the PM during cold acclimation. Our data revealed that a putative exocytosis-related protein, SYT1, which has recently been reported to be associated with the membrane fusion event ( Yamazaki et al. 2009 ), increased in the DRM as well as in the PM during cold acclimation ( Fig. 6 ). These fi ndings suggest that cold-induced reconstitution of the PM is mediated by cold-specifi c membrane traffi cking systems, which are different from those occurring at normal temperatures.
Cold acclimation results in decreases in cytoskeletonassociated proteins in the DRM, such as tubulins (TUA and TUB) and actins (ACT8 or ACT2) ( Table 4 and Figs. 5, 6 ). Microtubules consist of TUA and TUB heterodimers and play an important role in the development of freezing tolerance. In winter rye, microtubules depolymerize more readily in cold-acclimated root cells under freezing temperatures than in non-acclimated root cells, which is closely associated with the extent of freezing tolerance ( Kerr and Carter 1990 ) . In several wheat cultivars, microtubule disassembly during cold acclimation is correlated with the extent of development of freezing tolerance and associated with decreases in the total amount of TUA ( Abdrakhamanova et al. 2003 ) . Furthermore, in animal cells, microtubules and actin fi laments are in many cases associated with membrane/lipid rafts and regulate the movement and localization of proteins in Plasma membrane microdomain and cold acclimation microdomains ( Head et al. 2006 ) . Cold treatment results in depolymerization of actin fi laments in tobacco cells ( Pokorna et al. 2004 ) . Orvar et al. (2000) interestingly demonstrated that membrane rigidifi cation induces disruption of actin fi laments and that the disruption triggers a signal transduction for cold acclimation in alfalfa. These results collectively suggest that PM microdomains are the site for PM-cytoskeleton interactions mediated through cytoskeleton-associated proteins in the DRM and that freezing stress or low temperature sensing events results in changes in the cytoskeleton assembly at the PM microdomains.
Conclusions and future perspectives
We demonstrated that lipid and protein compositions of the DRM in the Arabidopsis PM change both qualitatively and quantitatively during cold acclimation. The lipid composition of the DRM, which is enriched in sterols and GlcCer and is considerably different from that of the total PM fraction, responded to cold such that there was an increase in FS with a corresponding decrease in PLs. Because the DRM in general is the place for the important physiological reactions such as membrane transport, intracellular vesicle traffi cking and cytoskeleton connections, cold-induced alterations in the lipid composition of the DRM may result in modifi cation of the function mediated by DRM proteins. In fact, P-ATPase activity is regulated by membrane environmental factors such as membrane lipids ( Kasamo 2003 ) . Furthermore, it is suggested that lipid components can regulate the protein targeting process so that the protein composition of the DRM becomes vastly different from that in the total PM ( Borner et al. 2005 ) . The effect of the lipid environment on protein activity and targeting has been also reported in animal cells ( Rodal et al. 1999 , Cornelius 2001 , Pike 2005 , Schley et al. 2006 ). Thus, it is possible that cold acclimation induces lipid changes in the DRM and the PM, which affects protein populations and activities in the DRM and, hence, modifi es the survival ability of the cells under low temperatures.
Changes in DRM proteins during cold acclimation can be explained by three events: transcriptional regulation, modifi cation of distributional patterns within the PM and/ or accumulation due to repressed membrane traffi cking. Interestingly, real-time PCR experiments revealed that there was no relationship between changes in the majority of coldresponsive proteins in the DRM and their transcription levels ( Minami et al. 2008 ) . It is likely that lipid changes in the DRM as well as in the PM affect protein distribution in the DRM and PM. Furthermore, the rate or the extent of membrane traffi cking events will be considerably infl uenced by cold acclimation, which may result in accumulation of proteins associated with these events in the DRM. Thus, changes in DRM proteins during cold acclimation may be primarily due to the modifi cation of distributional patterns of proteins within the PM and/or accumulation due to repressed membrane traffi cking. Nevertheless, it is necessary to elucidate and understand further the molecular mechanism of protein changes in the DRM during cold acclimation. This information is a prerequisite for us to examine the role of each coldresponsive DRM protein in the plant cold acclimation process.
Materials and Methods
Plant materials
Seeds of A. thaliana L. Heyn (ecotype Columbia) were planted and grown under continuous light conditions at 50 µ mol m -2 s -1 at soil level as described previously ( Uemura et al. 1995 ) . Three-to 4-week-old seedlings before bolting were used as non-acclimated plants. Cold-acclimated plants were obtained by transferring non-acclimated plants to a controlled environment chamber at 2°C (8 h photoperiod at 75 mol m -2 s -1 at soil level) for 2-7 d.
Isolation of PM fractions and DRMs
Non-acclimated or cold-acclimated seedlings were excised and immediately used for preparation of PM fractions using a polyethylene glycol-dextran aqueous two-phase partition system ( Uemura et al. 1995 ) . The two-phase partition was repeated three times to increase the purity of the PM. Protein content in the PM fractions was determined by the Bradford assay (Bio-Rad, Munich, Germany) using bovine serum albumin (BSA) as a standard.
DRMs were isolated from the PM fractions according to the method of Peskan et al. (2000) . An aliquot of the PM fractions (2 mg protein equivalent) was suspended in 2.7 ml of TED buffer [50 mM Tris-HCl (pH 7.4), 3 mM EDTA and 1 mM dithiothreitol (DTT)]. After addition of 300 µ l of 10% (w/v) Triton X-100 [at a fi nal ratio of 15 : 1, Triton X-100/ protein (w/w)], the PM-Triton X-100 solution was incubated for 30 min on ice. The sample was then mixed with 12 ml of 65% (w/w) sucrose in TED buffer [fi nal sucrose concentration, 52% (w/w)], placed at the bottom of a centrifuge tube and overlaid with sucrose solutions at concentrations of 35, 30 and 5% (w/w) successively. The gradients were then centrifuged at 141,000× g (R max ) in a P28S rotor (Hitachi, Tokyo, Japan) for 20 h at 4°C. The DRMs at 35-45% (w/v) sucrose were collected, diluted with TED buffer and then pelleted at 231,000× g (R max ) for 35 min at 4°C in an RT50 rotor (Hitachi). Protein content in the DRM was determined as described above.
Lipid analysis
Lipids were extracted from PM fractions and DRMs according to the method of Bligh and Dyer (1959) . Total lipid extracts were separated by TLC (Silica gel 60, 0.25 mm in thickness, Merck, Darmstadt, Germany) with a solvent mixture of chloroform, methanol and water (65 : 25 : 4, by vol.). Individual lipids were identifi ed by co-chromatography with authentic standard lipids. Separated lipids were detected under UV light after spraying of primuline [0.1% (w/v) in 80% (v/v) acetone]. Quantifi cation of each lipid was performed according to the method of Uemura et al. (1995) .
Gel electrophoresis
For SDS-PAGE analysis, protein samples were resuspended in SDS sample buffer [2% (w/v) SDS, 50 mM Tris-HCl (pH 6.8), 6% (v/v) β -mercaptoethanol, 10% (w/v) glycerol and bromophenol blue]. After being separated by 10% SDS-PAGE, proteins were visualized by the silver staining method ( Kawamura and Uemura 2003 ) .
For 2D-PAGE analysis, DRM samples (50 µ g of proteins) were pre-purifi ed using a 2D-Clean-up kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and then subjected to isoelectrofocusing electrophoresis using an immobilized linear pH gradient-forming gel strip (GE Healthcare, Immobiline™ DryStrip pH 3-11 NL, 11 cm). Strips were rehydrated at 20°C for 12 h at 100 V with protein solutions containing 7 M urea, 2 M thiourea, 2% (w/v) ABS-14, 0.5% (w/v) Triton X-100, 1.2% (v/v) DeStreak Reagent (GE Healthcare) and 0.5% (v/v) IpG buffer (GE Healthcare), and isoelectrofocused at 20°C on an IPGphor system (GE Healthcare) with a successive increase in voltage [500 V (1 h), 1,000 V (1 h), 2,000 V (1 h), 4,000 V (1 h), 6,000 V (2 h) and 8,000 V (4 h)]. Gel strips were then equilibrated in a denaturing solution [6 M urea, 1% (w/v) DTT, 30% (w/v) glycerol, 4% (w/v) SDS, 50 mM Tris-HCl (pH 6.8) and bromophenol blue] and subsequently subjected to 10% SDS-PAGE as described above. Proteins were visualized by silver staining.
2D-DIGE
Aliquots of DRMs (50 µ g of proteins) were purifi ed using the 2D-Clean-up kit and then resuspended in a lysis buffer [7 M urea, 2 M thiourea, 2% (w/v) ABS-14, 0.5% (w/v) Triton X-100 and 10 mM Tris-HCl (pH 8.5)]. 2D-DIGE analyses were carried out according to the manufacturer's CyDye DIGE Fluors protocol (minimal dyes, GE Healthcare). Each protein sample (20 µ g of proteins) was minimally labeled with Cy3 or Cy5 dye. As an internal standard, equal amounts of proteins of all samples to be analyzed were mixed and labeled with Cy2. The labeling reaction was performed by incubating the samples on ice for 30 min in the dark, quenched by addition of 1 µ l of 10 mM lysine, and mixed with an equal volume of 2× sample buffer [7 M urea, 2 M thiourea, 2% (w/v) ABS-14, 0.5% (w/v) Triton X-100, 1.2% DeStreak Reagent and 2% (v/v) IpG buffer]. Two 2D-DIGE gels were used as a set for differential expression analysis of DRM proteins during cold acclimation. For the fi rst gel, the three differentially labeled samples, non-acclimation (Cy3 or Cy5), cold acclimation for 4 d (Cy5 or Cy3) and the internal standard (Cy2), were mixed. For the second gel, the three samples, cold acclimation for 2 d (Cy3 or Cy5), cold acclimation for 7 d (Cy5 or Cy3) and the internal standard (Cy2), were mixed. After adjusting the volume to 350 µ l with rehydration buffer [2× sample buffer except for the concentration of IpG buffer being 0.5% (v/v)], the samples were loaded onto isoelectrofocusing gel strips with an immobilized linear pH gradient (Immobiline™ DryStrip pH 3-11 NL, 18 cm). The strips were rehydrated at 20°C for 12 h at 100 V with the protein samples and then isoelectrofocused at 20°C in the IPGphor system with a successive increase in voltage [500 V (1 h), 1,000 V (1 h), 2,000 V (1 h), 4,000 V (1 h), 5,000 V (1 h), 6,000 V (2 h) and 8,000 V (7 h)]. Gel strips were subjected to 10% SDS-PAGE as described above.
After electrophoresis, three CyDye images from one gel were visualized using a Molecular Imager FX (Bio-Rad) in fl uorescence mode with a pixel size of 100 µ m. The Cy2, Cy3 and Cy5 fl uorescence was imaged using excitation/emission wavelengths of 488/530, 532/605 and 635/695 nm, respectively. Typically, three biologically independent samples of DRMs in each of non-acclimated and 2, 4 and 7 d cold-acclimated seedlings were prepared, and two technical replications in each biological sample were performed. Thus, a total of 36 gel images (containing 12 internal standard images) were obtained in the experiments, and the captured gel images were analyzed using PDQuest V 8.0 software (Bio-Rad). The intensities of protein spots from the Cy3 and Cy5 images were normalized using the Cy2-labeled internal standard in a local regression model. For Student's t -test analysis, the fl uorescent intensity of each protein spot was normalized to that of the Cy2-labeled internal standard and then compared with the averaged value of the non-acclimated sample.
MALDI-TOF/MS and LC-MS/MS
Protein bands or spots after electrophoresis were cut out from gels after being visualized. Peptide mass fi ngerprinting analysis combined with MALDI-TOF/MS was performed as described previously ( Kawamura and Uemura 2003 ) . Peptide mass fi ngerprint data from fi ve independent samples were matched to the MS-Fit program of the protein prospector package (http://prospector.ucsf.edu/).
For LC-MS/MS, trypsin-digested peptides were prepared by the same method as that used for the MALDI-TOF/MS analysis. Quadrupole Time-of-Flight (Q-TOF). LC-MS/MS analysis was performed as described previously with a Waters CapLC system and a Q-TOF mass spectrometer (Waters, Milford, MA, USA) ( Fujiwara et al. 2006 ) . In some cases, LC-MS/MS analysis was performed with an HCTultra ESI-ion-trap mass spectrometer (Bruker Daltonics, Leipzig, Germany) equipped with an Agilent 1100 CapLC system (Agilent, Wilmington, DE, USA). The digested peptides were loaded into a reversed-phase column (Zorbax 300S-C18, 3.5 µ m, 150×0.3 mm, Agilent) in a CapLC, eluted in a linear gradient from 10 to 65% (v/v) of acetonitrile in 0.1% (w/w) formic acid over a period of 30 min at a fl ow rate of 4 µ l min -1 after a hold at 10% (v/v) of acetonitrile for 5 min, and introduced into a mass spectrometer. A mass spectrum with a range of 200 and 1,800 m / z was acquired using the Esquire Control program (version 6.1). MS/MS spectra were searched against the protein database of the National Center for Biotechnology Information using the MASCOT MS/MS ion search server (Matrix Science, http://www.matrixscience.com ). The searches were performed with the following parameters: allowed one missed cleavage, fi xed modifi cations for carbamidomethyl (C), variable modifi cations for phospho (ST/Y) and oxidation (M), peptide tolerance of ±0.5 Da, MS/MS tolerance of ±0.3 Da, and peptide charge of 1 +, 2 + and 3 +; and instrument, ESI-TRAP.
Western blot analysis
Samples (1.5 µ g of proteins each) were separated by 15 or 10% SDS-PAGE and electrotransferred onto polyvinylidene fl uoride membranes using a horizontal semi-dry Western blotter. The membranes were then blocked with 5% (w/v) skim milk in phosphate-buffered saline (PBS) and immunoblotted with the following antibodies: clathrin heavy chain 4A8 (1 : 1,000 dilution; Abcam, http://www.abcam.com/ ), P-ATPase (1 : 14,000 dilution; Morsomme et al. 1998 ) , aquaporin (1 : 4,000 dilution; Ohshima et al. 2001 ), V-ATPase subunits c and E (1 : 2,000 dilution; Kawamura et al. 2000 ) , β -tubulin Tub2.1 (1 : 500 dilution; Sigma-Aldrich, St Louis, MO, USA), AtLCN, which is a lipocalin-like protein (1 : 2,000 dilution, Tominaga et al. unpublished) and SYT1 (1 : 2,000 dilution, Yamazaki et al. 2009 ). Polyclonal antibody against band 7 family proteins was prepared in our laboratory. Briefl y, the full-length At1g69840 coding sequence was cloned into pENTR/D-TOPO, transferred into the pDEST-17 vector (Invitrogen, Carlsbad, CA, USA), and expressed in Escherichia coli strain BL21 (DE3) as a His tag-conjugated band 7 family protein. A rabbit polyclonal antibody against purifi ed His tag-conjugated band 7 family protein was prepared by T. K. Craft (Japan) and used at a 1 : 2,000 dilution. After incubation with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG (H + L) secondary antibodies (1 : 2,000 dilution; Pierce, Rockford, IL, USA), signals were detected using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) in a LightCapture system (ATTO, Tokyo, Japan).
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Supplementary data are available at PCP online.
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